Diatoms, albeit being only distantly related with higher plants, harbor a plant-like cryptochrome (CryP) that was proposed to act as a photoreceptor required for the regulation of some photosynthetic proteins. Plant cryptochromes are involved in the regulation of developmental processes relevant only to multicellular organisms. Their role in the unicellular diatoms to date is mostly enigmatic. To elucidate the function of this plant-like cryptochrome in a unicellular species, we examined the role of CryP in the regulation of transcription in the diatom Phaeodactylum tricornutum by comparative RNA-seq of wild type and CryP knock-down mutants, under prolonged darkness and one hour after onset of blue light. In total, mRNAs of 12,298 genes were identified and more than 70% of the genes could be sorted into functional bins. CryP influenced groups of transcripts in three different ways: some transcripts displayed altered expression under blue light only, others independent of the light condition, and, surprisingly, some were influenced by CryP only in darkness. Genes regulated in any condition were distributed over almost all functional categories. CryP exerted an influence on two other photoreceptors: the genes encoding phytochrome and CPF1, another cryptochrome, which were down-regulated by CryP independent of the light condition. However, the regulatory responses of the affected photoreceptors on transcriptional output were independent. The influence of CryP on the expression of other photoreceptors hints to the existence of a regulatory signaling network in diatoms that includes several cryptochromes and phytochrome, whereby CryP acts as a regulator of transcript abundance under light as well as in darkness.
Introduction
Diatoms are unicellular, photosynthetic organisms that thrive in fresh water as well as marine environments. They contribute approximately 20% to the global primary production and are hence of significant ecological importance (Field et al. 1998) . Their metabolic pathways are more complex (Bowler et al. 2008 , Allen et al. 2011 , with sometimes different compartmentalization compared to other eukaryotes (Kroth et al. 2008 ). These differences to, for example, land plants or green algae are likely a result of their complex evolution that involved a secondary endosymbiotic event (Adl et al. 2005) .
Diatoms as phototrophs use photosynthesis for their energy production. Light is not only used to fulfill the energetic demands, but is also important as environmental signal in almost all organisms. Several photoreceptors have evolved that allow perception of photon flux density at almost all wavelengths from UV to far-red light. In plants, phytochromes are characterized as the red-light sensors, whereas LOV (light, oxygen, voltage) domain containing proteins, BLUF-proteins (blue light sensors using FAD) and the FAD-dependent cryptochromes function as blue light (BL) sensors (Chaves et al. 2011) .
BL sensors are crucial for aquatic organisms, since BL becomes the major light quality in the water column. Diatoms possess several genes encoding different types of (putative) photoreceptors. These light sensors include the photolyase/ cryptochrome family, aureochromes, and phytochromes (Depauw et al. 2012) . Aureochromes were first discovered in the related xanthophytes (Takahashi et al. 2007 ) and were later shown to be present in diatoms as well (Schellenberger Costa et al. 2013a, b) . They are BL sensitive transcription factors and thus directly involved in gene expression regulation under BL illumination. Recently, the existence of a far-red light receptor, phytochrome (Pt-DPH), was established in diatoms (Fortunato et al. 2016) . With regard to the gene family coding for putative cryptochromes (Cry) only two members have been studied so far. Cryptochrome-photolyase family protein 1 (CPF1) is a BL photoreceptor that has been demonstrated to fulfill a double function (Coesel et al. 2009 ). It is acting as a 6-4 photolyase and influences the expression of several genes. The second protein is a cryptochrome found in the diatom Phaeodactylum tricornutum that displays highest sequence similarity to plant cryptochromes and was therefore designated as CryP (Juhas et al. 2014) . CryP was shown to influence expression levels of light harvesting antenna proteins under white light. Its redox sensitive flavin adenine dinucleotide (FAD) prosthetic group is bound in the neutral radical state in the dark, leading to further absorption peaks in the yellow and red area of the light spectrum beside the BL absorption. However, due to the additional antenna chromophore 5,10-methenyltetrahydrofolate, BL absorption is dominating (Juhas et al. 2014) .
Most of the current knowledge about cryptochromes in photoautotrophs is based on studies using plants. In the model plant Arabidopsis thaliana, the two cryptochromes, Cry1 and Cry 2, are involved in the entrainment of the circadian clock (Somers et al. 1998; Devlin and Kay 2000) . Furthermore, they are involved in the regulation of developmental processes, such as flower induction and hypocotyl elongation (Ahmad and Cashmore 1993 , Lin et al. 1998 , Ahmad et al. 1998 . No evidence for an involvement of CryP in the clock was reported to date. Coordination of organ development as in multicellular organisms is not needed in unicellular organisms like diatoms, although of course cell cycle as such has to be regulated and is influenced, for example, by aureochromes in diatoms (Huysman et al. 2013 ) and by the plant-like Cry (pCry) in the green alga Chlamydomonas reinhardtii (Müller et al. 2017) . Thus, the basic question arises, which cellular functions are regulated by a photoreceptor similar to plant cryptochromes in the unicellular diatoms.
To investigate the biological function of CryP, we quantified the transcriptional response of wild-type (WT) and knockdown mutants of CryP in the diatom P. tricornutum to longterm dark incubation followed by a short-term BL illumination. Using genome-wide RNA-seq analysis, we tested the specific effects of CryP on transcript abundances and on the regulatory network in the diatom.
Results and Discussion

Overall transcriptome analysis
Diatoms are known to react to BL with a high-light acclimation response (Schellenberger Costa et al. 2013a) . However, to date, mostly few selected physiological reactions or the individual response of specific genes or proteins were tested (Coesel et al. 2008 , Coesel et al. 2009 , Leblanc et al. 1999 , Oeltjen et al. 2004 , Siaut et al. 2007 , and the genome-wide effects of a knock-down in one of the photoreceptors are unknown. We thus analyzed the transcriptomic changes of dark acclimated WT cells in response to a pulse (1 h) of BL using RNA-seq (Fig. 1A) . To assess a hypothetical role of CryP in the BL response, the same experiments were carried out in parallel using two knock-down strains, Na1 and Ta3 (Juhas et al. 2014) . CryP protein levels of WT and the knock-down strains grown under white light had been quantified before (Juhas et al. 2014) , showing that CryP was reduced to 49% and 59% of WT levels in the Na1 and Ta3 mutant lines, respectively. Under the conditions used here, both mutants also displayed a strong reduction in CryP protein amounts compared to WT cells, to around 40%-60% in both Ta3 and Na1, with slightly higher reduction of CryP in Na1 (Fig. 1B) . One hour of BL illumination did not significantly change the protein amounts in any of the strains, as compared to cells acclimated to darkness. Nymark et al. (2013) reported a strong up-regulation of CryP transcript levels in darkness compared to continuous white light illumination, which was not seen here when comparing protein levels of dark and BL acclimated WT cells. They also report a repression of lhcf1 transcripts in the dark. The antisense construct for Ta3 is under control of an lhcf1 promoter and thus one would expect less suppression of protein levels for Ta3 in the dark compared to Na1, since for this mutant strain a constitutive promoter (nitrate reductase promoter) was used. For the mutants results on protein levels were consistent using three independent samples and different calibration methods Fig. 1 (A) Experimental set-up of the RNA-seq experiment. Two to three replicates from P. tricornutum WT, Na1 and Ta3 were cultured for 4 days under a dark/white light cycle. Afterwards they were acclimated to darkness for 72 h and then illuminated with BL for 1 h. The arrows indicate the time of harvest. (B) Representative example for the determination of CryP protein amounts in WT, Ta3, and Na1 cells after dark incubation (Àd) or BL illumination (Àb). A total protein amount of 120 mg per sample was separated by SDS-PAGE and CryP amounts were determined by immunoblotting using a specific a-CryP antibody. The relative amounts were calculated using the loading control (see Supplementary Fig. S1 for further information) and setting the WT-d value to one. Cells were harvested as shown in (A). (C) Principal component analysis of the RNA-seq data sets. Samples from dark acclimated cultures are shown with grey symbols. Blue symbols represent cultures harvested after BL illumination. WT, Ta3 and Na1 are represented by increasingly lighter colors.
(see Supplementary Fig. S1 ). However, we cannot rule out that minor differences are actually present but not detectable due to the small absolute amounts of CryP in all conditions.
In the RNA-seq experiments 11-14 million reads from each of the biological replicates were obtained and 85% of the reads could be mapped on cDNA as reference, which accounts for 12,298 identified genes (Supplementary Table S1 ). Out of these, approximately 95% were expressed under each condition and in all strains. Fig.1C displays the result of the principal component analysis of our samples. Two major conclusions can be drawn: the independent biological replicates that were sequenced from each experimental condition cluster closely together, demonstrating that variation between treatments by far exceeds variation between replicates. Therefore, the arithmetic means of the replicates were used for further analysis except for statistical tests, which were conducted with all replicates. Additional evidence for the robustness of the dataset was obtained by randomly choosing six genes that were either up-or downregulated under BL, showing either differences between WT and mutant or being similarly regulated. The regulation of six genes thus chosen was verified using qRT-PCR, again validating our data set ( Supplementary Fig. S2 ). The second conclusion from Fig. 1C concerns the nature of the first principal components. The strongest effect was exerted by the light treatment (60% of variance), followed by the genetic background (13%).
The strain Na1 showed larger differences to WT under BL than Ta3, which correlates with a stronger knock-down of target gene expression in Na1. However, in all three strains, the differences induced by BL were much stronger than those due to genetic background and the genotypic changes were orthogonal to the light treatment changes. Hence, the BL-induced changes were largely independent of the genotypic differences.
Blue light effects in WT
To investigate the effects of BL on global gene expression we compared the transcriptomes of P. tricornutum WT cells grown in darkness and 1 h after BL treatment. For this quantitative analysis, only statistical significant changes with q < 0.01 were taken into account. As a result, 7,193 genes (58% of all genes) were significantly differentially regulated; 3,807 genes were upregulated and 3,386 genes down-regulated in transcript abundance. Thus, BL had a more up-regulating effect on gene expression. This became also evident when looking at the 226 genes that showed the strongest changes (more than 32-fold) under BL in comparison to darkness (Supplemental Table S2 ). Whilst 212 genes (94%) were up-regulated, only 14 (6%) genes were significantly down-regulated. This is in agreement with the data by Nymark et al. (2013) , demonstrating a significantly increased mRNA content in cells grown under white light as compared to cells exposed for 48 h to darkness. The most strongly up-regulated genes (more than 128-fold change) were Phatr3_EG01429.t1 (putatively involved in ribosome biogenesis), Phatr3_EG01907 (possibly involved in calcium signaling) and Phatr3_J29157.t1 (phosphoglycerate kinase).
Gene ontology (GO) term analysis in WT demonstrated significant enrichment of up-regulated genes under BL as compared to darkness in GO terms belonging to carbohydrate metabolism, genes related to energy metabolism (especially photosynthesis), genes related to nucleotide metabolism, and genes coding for proteins involved in protein synthesis (ribosomes, translation) and modification (Supplementary Fig. S3 and Table S3 ). For analysis of transcriptional investment, genes were further sorted into functional bins (see Material and Methods for details). Enhanced transcriptional investment into the functional classes under BL determined by GO term analysis appeared likewise (Fig. 2) . The observed general transcriptional induction of anabolic metabolism is consistent with previous work in which the amounts of tricarboxylic acid cycle intermediates increased while those of amino acid decreased in red light grown cultures that were shifted to BL (Jungandreas et al. 2014) . Using microarray analyses, Nymark et al. (2013) compared changes in expression of white light acclimated cultures under darkness and re-illumination, whereas Valle et al. (2014) evaluated the changes induced by different light colors. Both papers focus on photosynthesis related genes like genes for light-harvesting complexes (Lhc) and pigment synthesis. Thus, no direct comparison to our data is possible, but trends are similar: for example, most genes of the Lhcf family were down-regulated under darkness compared to white light, and to a lesser extent under BL, in accordance with the up-regulation under BL seen here (Supplemental Table S2 ). Continuous BL illumination was also shown to increase the photoprotection potential in comparison to cultures grown under white light (Schellenberger Costa et al. 2013a ) by an increase in the protein content of Lhcx1 and zeaxanthin epoxidase. The expression of both genes was also significantly enhanced by the short BL illumination used here, with a 116-and 4.1-fold increase, respectively (Supplemental Table S2 ).
In contrast, the transcriptional investment into genes with unknown function and of genes involved in stress and defence responses was diminished in the BL transcriptome of P. tricornutum (Fig. 2) . This result was again confirmed in the GO term analysis ( Supplementary Fig. S3 , Table S3 ), where also transcripts related to transcription as well as the synthesis of macromolecules were enriched. Cells were acclimated to a day/night rhythm before the experiment (see Fig. 1A ), so 72 h continuous darkness imposed a stress explaining the diminishment of stress-related gene expression after 1 h of BL. The large proportion of genes with unknown function among those with higher transcriptional abundance in the dark indicates the presence of unknown mechanisms, which preserve cell viability under prolonged darkness. When P. tricornutum is prone to prolonged darkness, cell cycle stops due to a G1 arrest and is only resumed in the next light phase (Huysman et al. 2013) . Consequently, cells exposed to BL showed signs of resuming growth including transcriptional induction of genes related to nucleic acid and protein biosynthesis. BL exposure after prolonged darkness thus not only induced the photosynthetic machinery and related protective processes but also induced growth, as indicated by up-regulation of genes encoding macromolecule biosynthetic functions.
Differential gene expression in the mutants compared to WT
BL effects as seen in WT cells are probably the result of direct signaling, that is, via photoreceptors, or induced by metabolic changes resulting from the onset of photosynthesis. For BL regulation, three different photoreceptors are known to be involved in diatoms (i.e. aureochrome, CPF1, and possibly CryP). In order to elucidate, whether CryP is actually involved in BL reception and which of the BL effects seen in WT were specifically due to the influence of the photoreceptor CryP, transcriptome analyses were performed side by side with the two knock-down mutants in CryP. In diatoms, transformation of cells with knock-down constructs results in stable transformation by random insertion of the construct into the genome (Siaut et al. 2007 ). Thus, independent clones like Na1 and Ta3 are characterized (i) by different numbers of inserted constructs that also relate to the different knock-down levels and (ii) by different insertion sites. Hence we considered only results that were congruent between the two independent clones as bona fide knock-down effects. Fig. 3A -C show that the reaction to BL was very similar in WT and mutants. The BL response was, however, more prominently modulated as up-regulation in the mutants. Importantly, these differences were stronger in Na1 than in Ta3, which is in accordance with the knockdown levels (Fig. 1B) . Whereas in Fig. 3A -C the overall BL changes for each genotype are depicted, Fig. 3D and E give the numbers of genes, which were significantly differentially (q < 0.01) expressed between CryP knock-down mutants and WT under BL or dark treatment, respectively. As expected, numbers differed between the two mutants (Na1: 2,067 genes differentially regulated compared to WT under BL, 504 genes under dark treatment and 1,017 independent of the illumination condition; Ta3: 695 genes differentially regulated compared to WT under BL, 694 genes under dark treatment and 573 independent of the illumination condition), demonstrating again the more pronounced influence of the CryP knock-down in Na1 compared to Ta3. Only a small number of genes was significantly regulated identically in both strains (shown in bold numbers in Fig. 3D and E, Table S1 ). As already observed in the PCA, CryP did influence the transcription both in BL and under prolonged darkness. 265 genes were changed in both mutants only by BL (group 1, 'BL only' genes), whereas 213 genes were influenced both under darkness and BL, that is, independently of the light condition (group 2, 'independent'). In addition, expression of 94 genes was influenced in darkness only (group 3, 'dark only'). Although the protein level of CryP was similar in BL and in darkness (Fig. 1B) , effects under BL were larger. Furthermore, in the knock-down mutants more genes were down-regulated than up-regulated compared to WT for 'BL only' and 'independent' genes, whereas up-regulation was prominent for 'dark only'. Thus, CryP has an activating effect on gene expression for those genes it influences under BL, and a down-regulating effect for those only influenced in darkness.
However, since the quantitative and qualitative transcriptional responses of the two mutant strains were different the question arouse, whether 'BL only' and 'dark only' would merge into group 2 'independent' in case of more similar mutants. Several lines of evidence argue for the existence of 'blue only' and 'dark only' as well: First, when summing up all genes that are regulated by BL and darkness in any of the mutants, only 1,447 genes were regulated that way, whereas genes regulated at least in one mutant only in BL (2,233) or only in darkness (912) still constituted major groups. Second, we tested the group size with a less stringent q-value (q < 0.05). If the size of group 2 'independent' had been underestimated due to the statistical cut-off level, the number of group 2 genes should increase over-proportionally by lowering stringency. Whereas group 2 then contained 381 genes instead of 213, an increase by a factor of only 1.8, 'BL only' and 'dark only' showed much larger increases by 3.3-fold (from 265 to 608) and 4.7-fold (from 94 to 444), respectively. Third, regulation independent of the illumination condition, like in group 2, also implies that genes are regulated in the same direction under darkness or BL. As expected, all group 2 'independent' genes were regulated in the same direction independent of the light condition ( Supplementary Fig. S4 ), but this was not the case for 'BL only' or 'dark only' genes. Thus, CryP modulates transcript abundance in three different ways, so that there are genes, which are regulated by CryP only under BL, others are regulated in an illumination independent manner and a third group is regulated by CryP only in darkness. It has to be emphasized that neither the changes seen in 'BL only' nor 'darkness only' can be explained by long-lasting effects from the preceding illumination condition.
If, for example, long-lived mRNAs were present, the significant differences between mutants and WT seen for 'BL only' should have been similar in the preceding dark period, which was not the case. If long-lived mRNA was synthesized in the light period before the 72 h dark acclimation and the dark period had been too short to remove them, significant differences should have become obvious under BL also for 'dark only' genes. However, the illumination independent regulation seen for group 2 might be due to some extent to lasting effects of the preceding dark acclimation still present under BL. Thus, some genes might belong to group 3 ('dark only') instead of group 2, but only in cases where the differences between mutants and WT are equal or stronger in darkness than in BL (Supplementary Fig. S4 ).
The question remained, whether CryP is a major receptor for BL in P. tricornutum. The 265 BL-only regulated genes represented about 4% of the total 7,193 genes regulated under BL in WT. The knock-down to around 50% of CryP expression in the mutants predicts that the transcriptional attenuation will only be partial, and that the role of CryP is larger than experimentally observable. However, the comparatively small number of genes significantly differentially BL-regulated from WT, and the illumination independent and dark expression modulation rather point to a general regulator of transcript abundance than to a classic photoreceptor.
Gene expression changes induced by a photoreceptor in the dark seem paradox. However, the influence of CryP on transcription in the dark is in accordance with the protein level in the dark (Fig. 1B) and its diurnal mRNA expression pattern, since the highest mRNA abundance of CryP occurs during the late night (Oliveri et al. 2014) . For the plant-type pCry in C. reinhardtii an involvement in clock regulation was reported (Müller et al. 2017) , and one might speculate that the influence of CryP on genes in darkness is also due to a clock-related mechanism. Cells were dark incubated for 72 h, and the time of harvest thus corresponded to an expected start of night. However, clock-related mechanisms should have been attenuated by then and, so far, no influence of CryP on the circadian clock has been reported. This again argues for CryP as general regulator, also regulating some genes specifically under darkness.
To analyze the effects of CryP on group 1-3 genes in more detail, we also sorted the genes into the different functional classes (see Material and Methods for details) and examined the changes in transcript abundances per class (Fig. 4) . Venn diagrams of the genes that were significantly (q < 0.01) up-(D) or down-regulated (E) in comparison to WT in Na1 (light colors) and Ta3 (dark colors) after darkness (gray) or BL (blue). Numbers of genes belonging to group 1 (differently regulated between WT and both mutants only in BL, 'BL only'), group 2 (regulated in both mutants independent of the light condition, 'independent') or group 3 (regulated exclusively under darkness in both mutants, 'dark only') are given in bold numbers. See text for details.
The influence of CryP on almost all classes was visible for each group of genes and in most classes members that were up-or down-regulated were almost equally distributed, indicating a broad influence of CryP on transcript abundances. Only some classes were uni-directionally regulated. Both in 'BL only' (group 1) and 'independent' (group 2) genes involved in photosynthesis were up-regulated in the mutants compared to WT. Up-regulation also occurred for 'BL only' genes involved in protein synthesis. In 'dark only' (group 3) genes involved in amino acid metabolism, cell cycle, miscellaneous processes as well as in stress showed enhanced transcription. Down-regulation occurred for genes of 'BL only' involved in cell cycle and nucleotide metabolism, whereas in 'independent' (group 2) genes involved in amino acid metabolism, in nucleotide metabolism and in protein synthesis were less transcribed. In 'dark only' (group 3), those genes involved in carbohydrate metabolism-mainly anabolism-and lipid metabolism were down-regulated.
The up-regulation of genes related to photosynthesis under BL in group 1 and 2 in the mutants was also reflected in the absolute changes in RPKM values ( Supplementary Fig. S5 ). This was mainly due to the increase in transcripts of, for example, Phatr3_J23717.t1 (ferredoxin-NADPH-oxidoreductase) and Phatr3_J14242.t1 (fucoxanthin-chlorophyll protein) for 'BL only' and, for example, Phatr3_J48882.t1 (Lhcf15) for 'independent' (group 2). For Lhcf15 proteomic and transcriptomic data are available from the literature, suggesting that on protein level it is mainly present in the dark (Schellenberger Costa et al. 2013a) or after far-red illumination (Herbstová et al. 2015) . In addition, Nymark et al. (2013) reported that the transcript levels are upregulated after 48 h of darkness compared to continuous white light illumination, but stay up-regulated in a following light period for up to 6 h. As pointed out above, some members of group 2 might actually belong to group 3 due to stable mRNAs, and Lhcf15 probably belongs to this group. This is supported by the fact that in both mutants and WT the transcript levels are higher in darkness compared to BL. The strong increase in transcript levels under BL and darkness in the mutants compared to WT argue for a repression of its transcription via CryP in vivo. Since this is in contrast to the proteomics data, other posttranslational mechanisms likely regulate the actual protein level.
In a previous paper (Juhas et al. 2014 ) differences between protein levels in light and darkness of Lhcf and Lhcx were compared in WT and mutants, whereby the expression of Lhcx proteins was higher in the mutants compared to WT under light. Here, lhcx transcript levels showed a significant increase under BL in both WT and mutants, but without significant differences between the strains. However, test conditions were quite different since protein levels were tested during the ordinary light phase during growth, whereas in this study prolonged darkness was followed by a short BL illumination. Thus, though a direct comparison is impossible, the earlier observed differences also support the assumption of an additional post-transcriptional regulation by CryP.
Since genes related to carbohydrate metabolism were already strongly transcribed in WT, the changes induced by CryP led to a high increase in total transcripts for 'BL only' (group 1) due to the strong increase in, for example, Phatr3_J54998 (pyruvate kinase) transcription. For those genes that were regulated independently of the light condition (group 2), an increase in carbohydrate metabolism related Fig. 4 Transcriptional changes in the knock-down mutants Na1 (triangles, light colors) and Ta3 (rectangles, dark colors) compared to WT under BL (blue symbols) or after darkness (gray symbols). The log2-fold changes of P. tricornutum WT and mutant cells sorted into functional classes are compared for 'group 1 genes' (A), i.e. those genes that are significantly regulated in the mutants compared to WT (q < 0.01) only in BL, for 'group 2' genes that are significantly influenced by CryP under BL and in darkness (B), and for 'group 3' genes (C) influenced by CryP only in darkness. Red rectangles mark classes that are regulated uni-directionally. genes was also prominent, due to the strong up-regulation of Phatr3_Jdraft825.t1 (fructose-bisphosphate aldolase) amongst others. This was accompanied by a decrease in RNA-related transcripts (concerning mainly transcription factors). When looking at these absolute numbers, slight changes between dark and BL condition also occurred since, especially under darkness, transcripts of stress-related genes were less abundant. For the genes that were regulated only in darkness (group 3), on the contrary, stress-related genes showed higher transcript abundance, as did many RNA-related transcripts (mainly transcription factors).
Since the transcription of genes of 'BL only' (group 1) and 'independent' (group 2) related to photosynthesis or carbohydrate metabolism was increased in the knock-down mutants under BL, CryP has a suppressing effect on those functional classes. This is in contrast to the overall induction of those genes seen in WT under BL. Thus, CryP has an antagonistic effect to most other cues regulating BL effects in WT concerning these functional classes of genes. Only for genes related to protein synthesis CryP and the other regulators work in the same direction.
The two ways of regulating BL responses by CryP, either synergistically with or antagonistically to the other regulators became even more obvious when examining all genes that were regulated by CryP under BL, no matter what functional group they belonged to. For around 40% of the genes influenced by CryP under BL, the direction of response in the mutants was identical compared to what was seen in WT. That is, in the knock-down strains the effect of BL stimulation was enhanced ( Supplementary Fig. S4 ). This implies again that CryP attenuates the BL response for a significant number of genes and acts as an antagonist to other regulators. For the other 60% of genes influenced by CryP under BL, the direction of regulation is in line with the other regulating factors.
In summary, the three groups of genes affected by CryP included almost all functional classes, and most classes contained genes that were up-regulated or down-regulated. As stated above, CryP is probably not the master regulator of the BL response in diatoms, but a more general regulator. Concerning BL responses, CryP rather appears to fine tune or even attenuate the BL responses transmitted by major BL receptors, such as aureochromes or CPF1, whilst also regulating some genes under dark or other light-independent conditions. In addition, the small but significant effects of CryP, together with its antagonistic effect to other regulators for some classes of genes under BL, are a strong indication for CryP mediating responses in several ways, that is, being a modulator in a regulatory network.
Influence of CryP on the expression of other photoreceptors
Since our RNA-seq results pointed to CryP being a modulator of a regulatory network rather than being a major BL transducer, we studied the expression levels of different photoreceptors in the dark and under BL illumination, comparing WT and the CryP knock-down mutants. No significant regulation by CryP could be detected for most photoreceptor genes with two exceptions: The expression of phytochrome Pt-DPH (Phatr3_J54330.t1) was significantly regulated by CryP, under BL as well as in darkness (group 2 gene), and CPF1 (Phatr3_J27429.t1) belonged to group 2 as well. From the other photoreceptors known from P. tricornutum, only aureo1c (Phatr3_J51933.t1) showed a significant BL response as previously shown by Banerjee et al. (2016) , but was not regulated by CryP. Fig. 5 displays the amounts of transcripts for CPF1, Pt-DPH and aureo1c from RNA-seq analysis and validating qRT-PCR data is shown in Supplementary Fig. S6 . The CryP knockdown induced a 2.7-fold up-regulation of Pt-DPH expression in the dark, implying a negative impact of CryP, whereas the upregulation under BL was less pronounced. CPF1 expression was also up-regulated both under BL and in darkness in the mutants, that is, CryP was again acting as a suppressor. Thus, CryP selectively inhibits the expression of some photoreceptors.
To test whether CryP effects were exclusively mediated by the photoreceptors it modulated in abundance, we compared the gene expression changes with those of CPF1 and Pt-DPH. When matching the effects of the knock-down of CryP with the CPF1 over-expressing mutants, about 30% of the 32 genes examined by Coesel et al. (2009) were regulated in the same direction by CPF1 and CryP, around 50% were regulated by either CryP or CPF1, and about 20% of the genes were regulated in opposite directions, indicating that CryP acts at least in part independently of the photoreceptor CPF1 it modulates. For example, sigma factor 70 was regulated the same way, albeit only significantly in one of the CryP knock-down mutants, as was Lhcx1, one of the genes most responsive to BL effects in WT. But for some genes of the carotenoid biosynthesis pathway, such as CRTISO2 and PPO, the influence of the two photoreceptors was opposite. CPF2, another member of the photolyase-cryptochrome family was up-regulated by CPF1, but not significantly influenced by CryP, whereas HSF1 was significantly regulated by CryP, but not by CPF1. Thus, the effect of CryP on CPF1 expression is not sufficient to explain gene expression changes by CPF1 or vice versa. In addition, as indicated by the opposite effects of the two photoreceptors on several genes, signaling pathways have to be separate. Pt-DPH was shown to specifically influence gene expression in response to far-red light but not to red light (Fortunato et al. 2016) . Of the few genes tested, HSF4-6a (Phatr3_J49557.t1, a putative transcription factor) was 43.7-fold down-regulated compared to WT under BL and 8.4-fold down-regulated in darkness in CryP knock-down mutants, a regulation similar to that seen in Pt-DPH knock-out mutants under far-red light (Fortunato et al. 2016) . Due to the different light color-dependence of the regulation, the effects cannot be due to an indirect action of CryP via Pt-DPH, but the results rather argue for the importance of HSF4-6a. The question remains whether there might be additionally a direct interaction of CryP with Pt-DPH as found for Cry2 with phytochrome in higher plants (Más et al. 2000) . However, this interaction is mediated either by COP1 and SPA (suppressor of phytochromeA) (Sheerin et al. 2015) or PIF (phytochrome interacting factor) (Ma et al. 2016; Pedmale et al. 2016, Huq and Quail 2002) , and for these proteins no direct orthologues can be found in the P. tricornutum genome, rendering the assumption unlikely. Oliveri et al. (2014) reported diurnal cycling of CryP-and CPF1-mRNA expression. Whereas CryP expression showed a maximum in the late hours of the night, CPF1 was mostly expressed shortly after the on-set of light. This can be explained in the light of our transcriptome data: during the night high levels of CryP will inhibit CPF1 expression, whereas during the day this suppression becomes less pronounced. Thus, regulation by CryP in the dark can be seen as a 'preparation' for the upcoming light phase, when BL sensing is also mediated by CPF1. In contrast, Pt-DPH mRNA expression peaks in the early hours of the night (Fortunato et al. 2016) . Considering the strong inhibitory effect of CryP on Pt-DPH in the dark, the later appearance of CryP during the night also explains the diurnal cycle of Pt-DPH.
In summary, and in agreement with the conclusion that CryP is involved in a regulatory network, CryP also exerts its influence by regulating the daily expression of other photoreceptors. Although CryP is the diatom cryptochrome most closely related to Cry1 and Cry2 of land plants, its effects on the transcriptome are clearly distinct from the land plant system. CryP is not the major receptor for BL but rather an important network component involved in modulation of other photoreceptors.
Materials and Methods
Experimental set-up, growth conditions and mutant characterisation Phaeodactylum tricornutum (UTEX culture collection, strain 646) wild type (WT) and the CryP knock-down strains Na1 and Ta3 (Juhas et al. 2014) were grown in batch cultures at 18 C with a light/dark cycle of 16 h/8 h and white light of 40 mmol photons Á m À2 Á s À1 , starting from a cell density of 1 million cells Á ml
À1
. After 4 days the cells were kept in darkness for 72 h (Fig. 1A ) and 150 ml samples of the dark acclimated cells of every strain were harvested (4500 g, 10 min, 4 C). Afterwards the cells were incubated with blue light (SuperFlux LED, Lumitronix, MAX = 465 nm, 10 mmol Á m À2 Á s À1 ) for another hour before harvesting again. The cells were frozen in liquid nitrogen and stored at À80 C. For characterization of the mutants, whole cell protein extract was used for SDS-PAGE followed by western blots using an a-CryP antibody according to Juhas et al. (2014) , whereby an unspecific side reaction of the antibody, a second incubation with an antibody against the large subunit of RubisCO (Feierabend and Wildner 1978) and amido black staining served as loading controls. Relative amounts were calculated as ratio between the signals of CryP and the loading control using ImageJ.
RNA extraction
To isolate total RNA, a method adopted from Sturm et al. (2013) was used. Cells were broken with liquid nitrogen using pestle and mortar. The disrupted cells were resolved in 8 ml of TRIzol reagent (38% phenol, 0.8 M guanidine thiocyanate, 0.4 M ammonium thiocyanate, 0.1 sodium acetate, 5% glycerol) and incubated at room temperature (RT) for 5 min. Per 1 ml of TRIzol reagent 0.2 ml of chloroform was added and mixed at RT for 5 min. Unbroken cells and proteins were removed by centrifugation (16,000 g, 30 min, 4 C) and the same amount of ethanol (70%) was added to the aqueous supernatant (10 min, 4 C). The nucleic acids were sedimented (16,000 g, 30 min, 4 C), the supernatant was discarded and the RNA was dried for 15 min at RT. The sediment was solved in nucleic acid free water and DNA digestion (DNase I, New England Biolabs GmbH) was performed. Afterwards the RNA was diluted in 600 ml ethanol (70%) and purified by using the RNeasy Kit (Qiagen) according to the manufacturer's instructions. The concentration was determined by a spectrophotometer ND-1000 (NanoDrop) and RNA integrity was checked on a 2100 bioanalyzer (Agilent).
RNA sequencing
cDNA libraries were prepared from 1 mg RNA using the TruSeqTM RNA Sample Prep Kit v2 (Illumina Inc., San Diego, USA). Sequencing was performed with the Illumina HiSeq2000 in the single end mode.
Data analysis
Transcript abundances were determined by mapping the reads against the P. tricornutum CCAP 1055/1 genome (Release 27, downloaded June 14, 2015) in Ensembl (http://protists.ensembl.org/Phaeodactylum_tricornutum/Info/ Index, cDNA) using the CLC genomics workbench (https://www.qiagenbioinformatics.com/) with default parameters. The resulting table was analysed in R (https://www.r-project.org, R Development Core Team 2015). Before principal component analyses, expression was normalized to TPM (transcripts per million; Wagner et al. 2012) . Differential expression was determined using edgeR on raw counts in classic mode with sequential common and tagwise dispersion estimation (Robinson et al. 2010) . P-values were Benjamini-Hochberg corrected before further analysis (Benjamini and Hochberg 1995) . For visualization, pseudo-fold changes were calculated from averages as (sample1 + 1)/ (sample2 + 2) to avoid infinity results. Venn diagrams were calculated with the limma package (https://bioconductor.org/packages/release/bioc/html/ limma.html). For gene ontology (GO) annotation of P. tricornutum cDNAs, P. tricornutum CCAP 1055/1 Release 27 (June 14, 2015) cDNAs from genome assembly ASM15095v2 were downloaded from ftp://ftp.ensemblgenomes.org/ pub/protists/release-27/fasta/phaeodactylum_tricornutum/ and imported into Blast2GO program suite for annotation (Götz et al. 2008) . Sequences were compared to the NCBI non-redundant protein sequences (nr) database using the blastx and a Blast expectation value (e-value) of 1.0 x 10
À5
. The Blast hits of each sequence were then mapped to GO terms using the corresponding function of the Blast2GO suite (Conesa et al. 2005) . Resulting GO terms were converted to an ID2GO file for analysis with the TopGO package (https://bioconductor.org/packages/release/bioc/html/topGO.html; Alexa and Rahnenfuhrer 2016). Statistically significant terms were calculated with classic Fisher Exact Test and without weighing and corrected according to Benjamini-Hochberg (Benjamini and Hochberg 1995) .
Supplementary Table S1 contains the complete RNA-seq data of the experimental sets.
For functional classification, a custom annotation was derived from the KEGG annotations and GO terms from JGI by combining them with Blast2Go data, Ensemble data, the Mercator annotation, and Blast matches from A. thaliana: 47.7% of all mapped genes are annotated in JGI (http://genome.jgi. doe.gov/Phatr2/Phatr2.home.html), and a further 3.5% in Ensembl. For the remaining genes, Blast2GO (https://www.blast2go.com/) provided another 13.4% of functional attributions and Blast search was also used to identify homologues in Arabidopsis thaliana using TAIR10 (https://www.arabidopsis. org) (2%) and the Mercator function in Mapman (6%) (Thimm et al. 2004; Lohse et al. 2014) . For 27.5% of the genes no functional attribution was possible. Functional classification was based on KEGG categories and contains the following categories: amino acid metabolism (including metabolism of other amino acids), carbohydrate metabolism (including glycan biosynthesis and metabolism), lipid metabolism, nucleotide metabolism, biosynthesis of secondary metabolites, energy metabolism, metabolism of cofactors and vitamins, whereby genes belonging to energy metabolism were manually divided in genes involved in photosynthesis and the remaining pathways. In addition, the following categories were established: DNA (including replication, repair mechanism and DNA modifications); signaling; RNA (including transcription, splicing, degradation and translational control); protein synthesis, protein modification, and protein degradation; stress response (including biosynthesis of polyketides and nonribosomal peptides); transport; cell organization and cell cycle; homeostasis and miscellaneous (including xenobiotics). Viral gag proteins constituted a single group. Genes were sorted manually into these categories to provide a more detailed analysis with respect to putative photoreceptor function.
The classifications done as described above were then used for the analysis of transcriptional investment: reads per kilobase per million mapped reads (RPKM) values were calculated and averaged, and all RPKM values of a given category were summed up.
Quantitative Real Time PCR (qRT-PCR)
To verify some expression levels determined by RNA-seq, the relative expression was checked by qRT-PCR. To this end, cDNA was synthesized from total RNA using the RevertAid Reverse Transcriptase (ThermoFisher Scientific) according to manufacturer's instructions. For qRT-PCR cDNA according to 0.1 mg of RNA was used as a template and amplified using specific primers (Table S4) and with primers for histone h4 as housekeeping gene (Siaut et al. 2007 ). The primer efficiency was validated by a series of five times 2-fold dilution of the cDNA template. The standard curves were plotted to check for linearity and melting curves were recorded to verify the specificity of the primers. The quantification of relative expression levels was performed in triplicates with two or three independent RNA isolations of wild type and CryP knock-down mutants. The measurement was performed with SYBR Green qPCR 2 x master mix (Biotool.com) using a Stratagene Mx3000P Real-Time System (Agilent Technologies). The qRT PCR conditions were set to 95 C for 5 min and 40 cycles of 95 C for 30 s, 54 C for 30 s, 72 C for 30 s. Additionally a final cycle of the same parameters was performed to record the melting curves. The relative expression values were calculated according to the 2 À Á ÁCt -method (Livak and Schmittgen 2001) and normalized to the mean value of the darkacclimated WT, which was set to one. For qRT-PCR analysis, RNA isolations from three independent cultures (biological replicates) were used and data are presented as means and standard deviations. One-way ANOVA was used for further statistical analysis.
Accession Number
The read data have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus under accession number GSE95565 (https://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc=GSE95565).
Supplementary Data
Supplementary data are available at PCP online.
